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WI ABSTRACT 
An energy absorbing device used as a load limiting 
member in a structure to control its response to applied 
loads is disclosed and functions by utilizing a spool 
assembly 20 having flanged ends 36 and an interior 
cavity 34 of sufficiently large diameter to cause it to 
deform plastically at a prescribed load. In application, 
the spool 20 is utilized as a pivot point for the legs 14 of 
an aircraft seat 12. When properly designed and inte- 
grated into the seat arrangement 10, the spool 20 will 
twist about its axis, deforming plastically when the 
impact load exceeds the spool yield value. Through this 
deformation, spool 20 absorbs the kinetic energy of the 
movement of seat 10 at a substantially constant rate, 
thereby controlling the level of loads transmitted to the 
seat occupant. By proper sizing and selection of materi- 
als, it is possible to control load response in a predict- 
able manner. 
7 Claims, 10 Drawing Figures 
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VARIABLE RESPONSE LOAD LIMITING DEVICE 
ORIGIN OF THE INVENTION 
The invention described herein was made by an em- 
ployee of the United States Government and may be 
manufactured and used by or for the government for 
governmental purposes without the payment of any 
royalties thereon or therefor. 
BACKGROUND OF THE INVENTION 
This invention relates to a load limiting device for 
dissipating impact loads, and more particularly to a 
spool assembly which is used as a load limiting member 
in a structure to control its response to applied loads. 
Controllable absorption of kinetic energy is desirable 
in many situations for reducing the impact of sudden 
stops, thereby keeping the level of transmitted loads 
within the limits of human tolerance. In a typical air- 
plane or automobile crash, for instance, the vehicle 
experiences energy impulses which, if transmitted to the 
passenger, are capable of causing severe bodily injury 
or death. It has been shown that the largest number of 
injuries and facilities in such crashes occur when the 
seat fails to hold the passenger in place because of its 
inability to withstand the peak forces to which it is 
subjected. It is therefore desirable to equip these vehi- 
cles with seat structures which can absorb the energy of 
impact and thereby control the level of loads transmit- 
ted to the seat occupant. 
In meeting this challenge, designers have developed 
seats which utilize load limiting devices such as wire 
bending apparatus, shock absorbers and inverting tubes 
to dissipate impact loads. Many of these devices, how- 
ever, deform elastically when subjected to high impact 
loads, thereby resulting in recoil and subsequent human 
injury once the load is removed. Therefore, although 
the device may have successfully prevented a severe 
initial impact shock in one direction, it will not restrain 
relative motion in the opposite directions. In addition, 
those devices which are designed to deform plastically 
usually experience a high peak in the elastic region 
before plasticity is achieved or break upon application 
of severe loads. It is therefore desirable to design a 
device with a progressive load response, thereby pro- 
tecting the seat occupant from any sudden movement 
which may cause injury. 
Accordingly, it is an object of this invention to pro- 
vide a device which is used as a load limiting member in 
a structure to control its response to applied loads. 
Another object of the invention is to provide a device 
which will deform plastically at a prescribed load, 
thereby absorbing the kinetic energy of impact at a 
substantially constant rate throughout its deformation. 
Yet another object of this invention is to provide a 
device whose response to loads can be controlled in a 
predictable manner. 
Still another object of this invention is to provide a 
load limiting device which is lightweight, readily adapt- 
able to present and anticipated vehicle construction 
techniques, easy to manufacture, and relatively inexpen- 
sive. 
SUMMARY OF THE INVENTION 
The foregoing and other objects of the invention are 
achieved by providing a load limiting device which 
comprises a spool assembly having flanged ends and an 















to deform plastically when subjected to loads. In appli- 
cation, the spool may be utilized as a pivot point of the 
legs of an aircraft seat. When properly designed and 
integrated into the structure, the spool will yield at a 
prescribed load, absorbing the kinetic energy of impact 
at a substantially constant rate throughout many de- 
grees of rotation. By proper sizing and selection of 
materials, it is possible to control load response in a 
predictable manner. 
Other advantages and objects of the present invention 
will become apparent from the following explanation of 
an exemplary emodiment and accompanying drawings 
thereof. 
BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 is a schematic view of a load limiting vehicu- 
lar seat system in which the spool assembly of the pres- 
ent invention is incorporated; 
FIG. la is a sectional view of one leg of the seat 
system taken along line Ia-Ia of FIG. 1; 
FIG. 2 is a rear view of the seat shown in FIG. 1 
emphasizing the spool assembly thereon; 
FIG. 3 is a plan view of the spool assembly employed 
in the seat arrangement shown in FIGS. 1 and 2; 
FIG. 4 is a sectional view of the spool assembly of 
FIG. 3 taken along line IV-IV of FIG. 3; 
FIG. 5 is a graphical comparison of the load response 
of a seat arrangement with an integrated spool assembly 
to that of a seat arrangement without any type of load 
limiting member; 
FIG. 6 is a graphical illustration of the experimentally 
determined load response of a spool assembly; 
FIG. 7 is a side view of an alternate embodiment of 
the spool assembly of FIG. 3 wherein the wall thickness 
is stepped; 
FIG. 8 is a side view of an alternate embodiment of 
the spool assembly of FIG. 3 wherein the walls are 
tapered; and 
FIG. 9 is a graphical comparison of the general load 
response of several spool assemblies. 
In describing the preferred embodiment of the inven- 
tion illustrated in the drawings, specific terminology 
will be resorted to for the sake of clarity. However, it is 
not intended to be so limited to the specific terms se- 
lected, and it is to be understood that each specific term 
includes all technical equivalents which operate in a 
similar manner to accomplish a similar purpose. 
DETAILED DESCRIPTION OF THE 
INVENTION 
Referring now to FIGS. 1 and 2, there is shown a 
load limiting seat arrangement, designated generally by 
reference numeral 10, and incorporating the load limit- 
ing device or spool assembly 20 of the present inven- 
tion. The seat arrangement consists primarily of a seat 
structure 12 having deformable front legs 16 and being 
attached to rear legs 14 by means of two energy absorb- 
ing spool assemblies 20. 
Front legs 16 which are disposed essentially verti- 
cally on either side of seat structure 12, comprise shock 
absorbers which collapse upon application of relatively 
downward load forces. In particular, these shock ab- 
sorbers utilize a strap bending device which absorbs 
energy through the bending of metal. Upon collapse of 
legs 16, a metal strap 75 (FIG. la) is pulled through a 
series of rollers 77,78 and 79 which are placed on alter- 
nate sides of the strap, thereby causing it to bend. The 
4,720,139 
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work expended in bending metal strap 75 serves to axle 24 also serves as a connection between rear legs 14 
dissipate the energy imparted to legs 16. In addition, and their braces 26, thereby providing an axis about 
legs 16 are attached to both vehicle floor 18 and seat which rear legs 14 may rotate. 
structure 12 by pivotal connections 22, thereby allow- In operation, seat arrangement 10 serves to absorb the 
ing the entire seat arrangement 10 to move forward as 5 energy of impact associated with sudden stops, thereby 
well as downward when subjected to impact loads. reducing the magnitude of peak forces transmitted to 
Metal straps or ribbon 75 is secured internally to both the seat occupant. FIG. 5 is a graph comparing the load 
ends of section 16a Of leg 16. Section 16a is telescopi- response of a seat without any type of load limiting 
calk' received within section 166 upon collapse of the member, curve a, to that of a seat 10 which incorporates 
shock absorbing leg. Rollers 74,78 and 79 are fmed for 10 an energy absorbing spool assembly 20, curve b. The 
rotative movement about their individual axes within a high pe& of c m e  a represents the 1;arge initial energy 
trolley or housing maintained within section 166 of leg bpulse which a vehicle expepiences upon impact. Since 
l6 bo1t axle O r  Pin l 7  extending therethrough and the seat is unable to dissipate this energy plastically, it is 
serving also as the rotative axle for roller 78. Strap 75 is transmitted directly to the occupant, thereby causing 
constructed from a tapered ribbon of mild steel in the 15 Severe injury or death. 
preferred embodiment with the taper thereof Progres- In contrast, Curve b presents a much more tolerable 
the shock stroke to a half-inch or less at the end of the rating a load limiting device 20, seat arrangement can 
stroke to maximize initial shock absorption and gradu- dissipate the h e t i c  energy of impact plastically and 
pro- thereby control the level of loads transmitted to the seat 
sing from approximately one inch at the Of load response under the Same conditions. By incorpo- 
diminish the metal being bent as the 
gresses. Slot 80 is provided On Opposite surfaces Of 
section 16a to permit movement thereof past occupant. dthough the total amout  of energy im- parted to the vehicle is the same in each case, the seat of 17' 
In contrast to front legs 16, rear legs l4 comprise 
rated into seat arrangement 10. This disposition permits 25 
both ends of rear legs 14 to pivot about their connec- 
tiom upon forward movement of seat structure 112. 
Although secured to vehicle floor 18 by pivotal comec- 
assemblies 20 and are further supported by braces 26 30 injuv-causing energy 
ever, do not inhibit pivotal movement of rear legs 14. 
mdy to dissipate impact loads, spool assemblies 20 are 35 seat will translate in the direction of F12, i.e., the vector 
disDosed along a horizontal axis adiacent the width of of typical input loads, maintaining its posture relative to 
curve b protects its occupant by extending its response 
level of transmitted loads never exceeds the limits of 
human tolerance. It is therefore desirable to develop 
seats which utilize load limiting devices 20 to dissipate 
rigid members forward when incorpo- over a longer t h e  period, thereby ensuring that the 
tions 22, rear legs 14 are rigidly connected to spool 
extending from seat structure 12. These braces 26, how- 
bact loads, thereby protecting the seat occupant from 
In a tmical crash situation, seat lo and its occupant 
experience a combination of longitudinal and vertical 
FIGS. 3 and 4 present two views of the energy ab- 
sorbing spool assembly 20 of this invention. Used pri- 
loads F1 and F2 (FIG. 1) which causes seat 10 to move 
forward and downward* upon impact, the 
sea't structure-12 of FIGS. 1 and 2,-and are rigidly at- 
tached thereon at 21. A typical spool assembly 20 com- 
prises a tubular shaft 32 having integrally formed con- 
, necting means on either end. Spool 20 employs circular 
flanges 36 having a plurality of holes 38 arranged con- 
centrically therethrough. Because this device 20 may be 
incorporated into many structures, the design of the 
connecthg means is not limited to the flanges 36 dis- 
closed, but may vary to accommmodate the particular 
application. In addition, it is not necessary that both 
ends utilize identical connections. 
Spool assembly 20 features a tubular shaft 32 having 
an interior cavity 34 of sufficient diameter to cause shaft 
32 to deform plastically at a prescribed load. The plas- 
ticity of a material is simply that property wherby the 
material undergoes a permanent change in shape or size 
when subjected to a stress exceeding a particular value, 
the yield value. It is this ability to undergo a permanent 
structural change which gives spool 20 its energy ab- 
sorbing characteristics. 
In the preferred embodiment of the present invention, 
spool assembly 20 is machined from one piece of metal 
stock, thereby having no welds which can fail under 
stress. This unitary construction provides a spool assem- 
bly 20 of maximum overall strength. Although the 
metal used in the disclosed spool 20 is 2024T4 alumi- 
num, titanium or any other metal or metal alloy which 
is lightweight and not prone to rupture may be used. In 
addition, to maintain the rotational integrity of spool 
assembly 20 of FIGS. 1 and 2, and to prevent transverse 
breakage thereof, a loose fitting rigid axle 24 runs 
through the interior' cavity 34 of tubular shaft 32. This 
vehicle floor 18. Front legs 16 will dollapse under the 
pressure of the downward force F2 and rotate about 
their pivotal connections 22 in response to the forward 
40 movement of seat 10. Rear legs 14 will also pivot for- 
ward so as to keep the bottom of seat 12 relatively 
parallel to vehicle floor 18. By operating as pivot points 
for rear legs 14, spool assemblies 20 will twist about 
their axes in the direction of the arrow It, as shown in 
45 FIG. 2, and deform plastically when the load exceeds 
the yield value of spool 20, thereby absorbing the ki- 
netic energy of seat 10 movement. Spool assemblies 20 
thereby cushion the shock to the seat occupant by per- 
mitting the seat to move downwardly through a limited 
The spool assembly 20 of the present invention takes 
advantage of the principle that the energy associated 
with a load or force can be dissipated through the plas- 
tic deformation of a material. FIG. 6 shows the load 
55 response of a typical spool assembly 20 which has a 
length of approximately three inches, an inside diameter 
of approximately one inch and an outside diameter of 
approximately one and one-fourth inch. The area to the 
left of line A-A is generally referred to as the region of 
60 elastic load response. The elaticity of a material is sim- 
ply that property whereby the m a t e d  changes its 
shape and size when subjected to stress, but recovers its 
original configuration when the forces are removed. 
Therefore, the spool assembly 20 described will deform 
65 elastically up to an applied torque of approximately 500 
ft-lbs, returning to its original shape when the load is 
removed. Once this load is exceeded, however, the 
spool 20 is said to experience its yield value, Y, whereby 




-continued it exhibits plastic characteristics and undergoes perma- nent structural changes. 
By operating primarily in the plastic region, spool Length of Shaft 32 
Applied Torque (Ft-lbs) 
assembly 20 will respond to loads in a lightly progres- Degrees of Rotation 1.5 Inch 2 Inch 3 Inch 
sive manner as illustrated by the upward slope of the 5 
curve to the right of line A-A. This response will 
continue until spool assembly 20 has been totally uti- 
further load. At this point, called the break point, spool 
2~ will fail. ne dhclos& spool 20, for instance, experi- 10 In the disclosed seat arrangement 10, spool assemblies 
enceS 850 rotation &fore its break point. 20 are utilized as pivot points for rear legs 14 of seat 12 
Should the load be removed while spool 20 is operating to which they are attached. When spools 20 operate in 
in the plastic region, however, there will be only e- this manner, the direction Of applied loads is immaterial 
illustrated by the solid curved he and because spools 20 translate those loads to rotational 
the dotted vertical h e  & o m  between the 40 and 60 15 mOVemeIlt. SpOOlS 20 thus Sene to absorb rotational 
degree of rotation stations the disclosed spool 20 experi- energy. By proper sizing and selection of materials, it is 
enced only about 4" rotational recoil when the load was possible to limit the input loads to the seat occupant 
removed. throughout the allowable movement response of seat 
By varying the dimensions of spool assembly 20, its 10. 
load response may be altered accordingly. For instance, 20 The Spool 20 should be designed to yield at a load 
the elasticity of spool 20 may be altered by changing the which is lower than the load required to cause injury to 
thickness of the shaft 32 wall. Specifically, the wall the seat occupant. In addition, the break point should be 
thickness required to achieve a particular yield value, designed SO as to allow spool 20 to rotate throughout 
Y, is calculated by the following equation: the movement of seat 10 without failiig. For example, if 
25 spool 20 must rotate 45" to allow the seat to respond 
totally to an impact, its break point must be designed at 
some point beyond 45" to guard against premature 
breakage. 
When properly integrated into seat arrangement 10, 
y=yield value (that load at which plastic response 30 spool assembly 20 will yield in the plastic deformation 
stage of the material and absorb the kinetic energy of 
T=torque applied to spool impact at a substantially constant rate throughout its 
D=outside diameter of shaft 32 deformation. Thus, in the case of a crash, the seat occu- 
d=inside diameter of shaft 32. pant will experience an increasing load up to the de- 
This equation indicates that a tubular shaft 32 with very 35 signed yield value, Y, of spool 20, and thereafter, a 
thick walls, and thereby a small inside diameter, d, will slightly progressive, subcritical load. 
respond elastically to greater levels of applied torque, Although this device is capable of controlling load 
T, than would a similar shaft 32 with thinner walls. response in a predictable manner, it would be more 
Therefore, spool 20 would transmit higher levels of ' advantageous to use a spool 20 which allows for a 
energy before it begins to absorb and dissipate impact 4o smooth transition to the high energy level of the plastic 
loads. By utilizing a tubular shaft 32 with a large inside region of FIG. 6. Although the response of spool 20 is 
diameter, d, the spool's deformation under loads will be primarily in this area, its initial omet rate response is 
mostly within the plastic region of the load response steep as evidenced by the slope of the curve in the 
curve. In other words, the yield value, Y, of spool 20 45 elastic region. By eliminating this initial impact shock, 
decreases with decreasing wall thickness. spool 20 would provide for a more physiologically 
In addition, the plastic response of spool 20 may be tolerable load response. 
altered by Varying the length of tubular shaft 32- The FIGS. 7 and 8 present alternate embodiments of spool 
following data indicates that as the length of shaft 32 is assemblies which achieve these results. Spool 40 shown 
increased, Spool 20 is capable Of greater rotation before 5o in FIG. 7 comprises a tubular &aft 32 having walls 
reaching its break point. which are stepped such that each section of shaft 32 has 
walls which are thicker than those of the section pre- 
ceding it. Although spool 40 pictured utilizes only two 
1.5 Inch 2Inch 3 Inch sections, many may be employed as dictated by the 
5 625.0 583.3 483.3 In operation, the section to the left of l i e  Z-Z will 
10 733.3 691.7 650.0 yield first when spool 40 is subjected to a transverse 
15 800.0 754.2 708.3 force; the section to its right remaining intact. Because 
the purpose of this design is to minimize the elastic 
30 929.2 875.0 808.3 60 response of spool 40, the walls of this section should be 
35 958.3 900.0 833.3 sufficiently thin to allow spool 40 to deform plastically 
40 975.0 925.0 858.3 at very low loads. Therefore, the yield value of this 
50 966.7 895.8 section, Y1, should be relatively low compared to the 
55 983.3 916.7 yield value of the section to the right of line Z-Z, Y2. 
59 65 Once the load has reached the level of Y2, the next 
section will begin to deform plastically, further absorb- 
70 ing the energy of the applied loads. In this way a de- 
75 signer may tailor the response of spool 40 so as to allow 
80 979.2 
85 987.5(F) 
lized in absorbing energy and can accommodate no 0 indicates Shaft fdWe Such 8S Cracking Or brealing. 
recoil. 
y =  16TD 
w(o4 - &) 
where, 
begins) 
Length of Shaft 32 
Degrees of Rotation Applied Torque (Ft-lbs) 55 desired load response. 
20 854.2 800.0 750.0 
25 891.7 841.7 783.3 









for a smooth, progressive absorption of energy through- 
out the range of experienced loads. 
Spool 50 as shown in FIG. 8 comprises a tubular shaft 
32 having walls which increase smoothly in thickness a tubular shaft for absorbing rotational energy; 
from one end to another. Although the walls are ta- 5 said tubular shaft having an interior cavity of SUE- 
pered in this manner, the intervior cavity 34 of shaft 32 ciently large diameter and walls thereof sufficiently 
maintains a uniform diameter throughout. thin to cause it to deform plastically at a prescribed 
In operation, spool 50 will absorb energy at a substan- load; 
tially constant rate throughtout its rotational deforma- said tubular shaft having integrally formed flanged 
left end of line X-X should have a sufficiently low lar and having a plurality of through holes ar- 
yield value so as to minimize the elastic response of ranged concentrically with said spool assembly, 
spool 50. one of said flanged ends being connected rigidly to 
Proceeding along line X-X, one observes an hcreas- a structure and the other said flanged end being 
ing rotational resistance characterized by gradually 15 connected to pivotal structure causing rotation 
thereof under the influence of applied loads so as to increasing yield values. Therefore, although yielding to 
cause said tubular shaft to twist when subjected to relatively low input loads, spool 50 is capable of main- 
a transverse force; and taining its energy absorption for increasingly higher 
being of unitary construction and having dimen- the right end of line X-X. 
sions dictated by the desired load response, thereby FIG. 9 is a graph comparing the general load re- 
causing all of said shaft to be utilized in dissipating sponse of several variations of the disclosed spool 20. 
energy. Curve A illustrates the load response of a straight spool assembly 20 as shown in FIGS. 3 and 4. Curve B is the wherein the walls of said 
inflection at I corresponds to that point where the load sively increase in thickness from one end to another, 
expePienced by 4o exceeds the value Of thereby allowing for a variable, progressive response to thicker section, Y2. The stepped response indicaEed on applied loads. the graph signifies the increased energy absorption of 
spool 40. Finally, curve C illustrates the load response 30 the Of said 
spool 20, the elastic region of this curve is small, allow- walls is thicker than the preceding section, thereby 
ing for a progressive absorption of energy throughout ensuring a 
the deformation of spool 50. 
is particularly adapted for use as a load limiting member seat structure; 
in a structure to control its response to applied loads. supporting means for securing said seat structure 
Another advantage of this invention lies in its ability within a vehicle, said supporting means comprising 
to deform plastically at a prescribed load, thereby ab- a pair of front legs and a pair of rear legs connected 
sorbing the kinetic energy of impact at a substantially 40 to said in a pivotal manner; 
constant rate throughout its deformation. energy absorbing means for dissipating impact loads, 
Still another advantage of this invention is its ability said energy absorbing means being disposed along 
to be designed according to the desired load response. a horizontal axis adjacent the width of said seat 
Further advantages of this invention include its light structure; and 
weight, its adaptability to present and anticipated vehi- 45 said energy absorbing mmns comprising a Pair of 
cle construction techniques, its ease of manufacture and tubular spool assemblies rigidly connected in tan- 
its low cost. dem at one end thereof to said seat structure and 
Although the use of torque rods and tubes as springs connected at the other ends thereof to individual 
is well known in the art, the use of a spool assembly as rear legs of said supporting means and operating as 
in the present invention as a load limiting device is a 50 Pivot Points for said Supporting means, thereby 
new concept. The rod or tube of the prior art is utilized twisting upon application of a force sufficient to 
only as a coupling device and not as an energy absorber. cause said seat structure to move relative to said 
By responding elastically to applied loads, the rod trans- vehicle. 
fers energy only and does not operate as an energy 5. A seat as in claim 4 wherein said pair of spool 
dissipating, load limiting member. 55 assemblies has a single loose fitting rigid axle running 
The specifications herein discussed are not meant as through their interior cavities, thereby maintaining the 
limitations on the scope of the invention and its underly- rotational integrity of said spool assemblies and pre- 
ing theory as described in connection with the disclosed venting transverse breakage. 
embodiment. Various changes may be made without 6. A seat as in claim 4 wherein said front legs include 
departing from the spirit of the invention. For example, 60 deformable shock absorbing means which assist in ab- 
the spool assembly load b i t i n g  devices of the present sorption of energy upon application of a downward 
invention may be modified for use in aircraft landing force on said seat structure. 
gear or automobile bumper systems. These and other 
modifications and variations of the present invention 
will be readily apparent to those skilled in the art in 65 
light of the above teachings. 
What is claimed as new and desired to be secured by 
Letters Patent of the United States is: 
1. A spool assembly adapted for use as a load limiting 
member in a structure to control the level of applied 
loads, comprising: 
tion. As with Spool 40 in FIG. 7, the wdls towxd the 10 connecting ends, each said flanged end being circu- 
loads Up to the break point associated with the W d S  at said tubular shaft and said flanged connection ends 
2o 
2. A device as in claim load response curve for Of 7* The point Of 25 tubulap shaft are tapered such that said walls progres- 
'' A device as in 
of tapered spool 50 of FIG. 9. Because of the design of shaft are stepped that each section Of said 
progressive load response* 
4. A load limiting seat serving to dissipate energy 
ne advantages of this invention are and it 35 impulses transmitted to the seat occupant comprising: 
7. A seat as in claim 4 wherein: 
said front legs are pivotally connected to both said 
vehicle and said seat structure; 
said rear legs are pivotally connected to said vehicle 





said tubular spool assemblies having flanged ends and 
an interior cavity of suficiently large diameter and 
walls thereof suficiently thin to cause it to deform 
plastically at a prescribed load; and 
said tubular spool assemblies having a loose fitting, 5 
thereof and one end of each said spool being rigidly 
connected to common structure depending from 
essentially the mid-width of said seat and the other 
end of each said spool being connected to one of 
said rear support legs. 
rigid axle running through the interior cavities * * * * *  
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